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Abstract 
The present work analyze the protective state of patinas developed on bronzes of different composition, which are the base 
alloy of outdoor exposed monuments in Buenos Aires city. The results of in situ measurements and X-ray energy 
dispersion (EDX) analyses, carried out on powder samples of different sectors and metallic micro-samples of pre-selected 
zones, were used to select the best intervention criteria to be applied on two historical-national monuments: Adolfo Alsina 
and El Cristo Central monuments. It could be established that chemical composition and morphology of the samples, as 
well as their colour and texture, are directly related to the exposure grade of the selected area of the monument, to the 
effect of pollutants and atmospheric agents. Bearing in mind these results, and those of measurements of temporal 
variation of the corrosion potential by means of a technique applied in situ, sectors´ intervention was proposed, 
maintaining the protective patinas and respecting the state in which the works are at the present time, in reference to the 
moment of their outdoor exposure. 
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1. Introduction 
 Copper alloys, and specifically bronze, are among the most used materials in sculptures and monuments´ 
construction, in part, due to the fact that these alloys develop a protective patina on the surface because of the 
atmospheric corrosion processes, after long term exposure. A patina could be defined as a corrosion products´ 
film, with protective properties, depending on its chemical composition, crystalline structure, adherence to 
base metal, thickness, porosity, etc. These properties could be characterised by means of surface analysis 
techniques, commonly used in material science. Knowing if a patina can protect the base metal is crucial at 
the moment of restoration, to select the best intervention procedure [Chiavari et al. 2007, Guadagnini et al. 
2011, Cicileo et al. 2004, Cicileo 2010].  
  
       In addition, patinas give a desired aesthetic aspect to sculptures, similar to that acquired by weathering. 
For this reason, the artists have applied artificial patinas at the moment of exposure of the works, whose 
colour, texture and chemical composition have been transforming by the effect of erosion, deposition and 
chemical reaction of bronze with urban pollutants. From this situation, the elaboration of intervention criteria 
requires the evaluation of the impact of different environmental agents on the state of conservation of the 
works.  
 
       At present, the air pollution in Buenos Aires city is mainly due to the gases derived from the combustion 
of mobile sources, giving rise to diverse nitrogen oxides, carbon monoxide and particulate material, which 
presents an important SO42- concentration, one of the most corrosive ions for copper alloys [Bogo 2003, 
Smichowski 2004, Reich 2006]. As regards nitrogen oxides, NO2 maximum values in the last five years have 
been around 0.4 mg/m3 per hour, over the admissible limit of 0.2 mg/m3 established by the World Health 
Organization. 
 
       The present study aimed to analyze the state of the protective patina of two historical monuments 
belonging to the La Recoleta cemetery (El Cristo Central and Adolfo Alsina), by means of electrochemical 
and optical techniques, in order to diagnose, according to the obtained results, and suggest an intervention 
criteria. Both monuments were installed outdoors around 1915, artificially patinated before exposure. Patina 
protectiveness was evaluated by in situ measurements with the Pourbaix method [Pourbaix 1969], from which 
a relation between the temporal variation of the corrosion potential in different areas of the monument and the 
protection offered by the surface products was determined. The chemical composition and morphology of the 
patinas were related to the level of exposure of the zone of the monument they cover, analysing powder 
samples, taken from different sectors and metallic micro-samples, taken from points of less artistic interest, by 
means of X-ray energy dispersion spectroscopy (EDX) and stereoscopic optical microscopy observations. 
 
2. Experimental Procedure 
      Two samples of different representative sectors of the studied monuments were taken, in order to 
determine the chemical composition of surface products. Moreover, metallic micro samples of a few mm were 
extracted, from hidden areas, e.g. the base of the sculpture, to characterize the alloy composition and to study 
the morphology of surface products. 
 
     The metallic micro samples were observed with stereoscopic microscope, Leika Wild M-8, with different 
magnifications and photographs were taken. The powder samples, from the monuments, were analysed 
previously making an assembly of carbon paint on the microscope stage and drying in air. EDX analyses were 
carried out by means of a Philips 515 microscope, coupled to an energy dispersive X-ray analyzer, EDAX 
9100.  
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    The protection offered by the surface products was in situ evaluated, measuring the temporal variation of 
the corrosion potential on different representative areas of each sculpture, with patinas of different colours and 
textures. A device consisting in a glass electrode holder with an agar/KCl salt bridge, in which a saturated 
calomel reference electrode is placed, was used, connected to a voltmeter. In order to close the circuit, a little 
area of the statue was polished and connected to the other end of the voltmeter. The open end of the electrode 
holder is sealed with a piece of cotton soaked in distilled water and is placed on the area whose potential will 
be measured. The open circuit potential was measured regularly, during one year for the Cristo Central 
monument and during two years for the Adolfo Alsina monument. In each measurement, the potential value 
was recorded every 30 seconds up to reach the stationary value, approximately at 90 s. However, in the most 
deteriorated areas, the stationary value was not achieved. 
 
3. Results and Discussion 
3.1. Observation by stereoscopic microscopy 
       In Fig. 1 photographs of the metallic micro-sample, corresponding to El Trabajo sculpture of Adolfo 
Alsina monument can be observed, taken with 6 and 10 magnifications. On the surface,          
green and black areas and a zone of bare metal can be distinguished.  
       Fig. 2 shows the aspect of the two micro-samples, from El Cristo Central. It could be appreciated that the 
greater sample is covered by black corrosion products (a), and the smaller sample (b) shows the bare alloy. 
The latter was used to determine, by means of EDX, the element alloy composition.  
 
  
(a) (b) 
Fig. 1. Micro sample of El Trabajo sculpture: a) x6; b) x10  
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(a) (b) 
Fig. 2. Two micro samples of El Cristo Central monument, x6 
 
3.2. EDX analyses 
       The following alloys´ composition was determined, by EDX analyses carried out on the internal zone of 
the metallic micro samples: (%w) Cu 77.5-Zn 14-Sn 3-Pb 4-Fe 1.5 for El Cristo Central and (%w) Cu 95-Sn 5 
for Adolfo Alsina monument. 
 
        In Table 1 EDX analyses of different patinas are presented, representing each one the mean composition 
of three analyses carried out on powder samples, taken from semi-exposed areas of green turquoise colour 
(patinas 1 to 3) and of grey exposed areas (patina 4). Patina 1 corresponds to the back sector of El Cristo 
Central monument, patinas 2 and 3 to the front sector of the two sculptures of Alsina Monument, La Ciencia 
and El Trabajo, whereas patina 4 comes from the face of La Ciencia sculpture, the most exposed area of 
Alsina monument. The presence of trace contaminants of atmospheric dust is observed, as Al and Si, 
constituents of silico-aluminas, and P, which may come from phosphate present in bird excrement. Other 
authors have carried out EDX analyses of the particulate material of Buenos Aires city,         
identifying Al, Si, Cl, Ca, Fe, S, besides agglomerated carbon particles [Bogo 2003, Smichowski 2004]. Pb 
was only identified in the El Cristo sample, the only monument whose base alloy contains Pb. This element 
concentration in the atmosphere has been decreasing in the last decades, since the environmental legislation 
established the non-use of gasoline with Pb. The S percentage is higher than the percentages of other 
contaminants and is quite similar in the three samples of semi-exposed patina, and somewhat lower in the 
most exposed patina. Previous X-ray analyses [Cicileo 2004, Cicileo 2010] allowed identifying that sulphur is 
forming part of hidroxysulphates, as brochantite, as well in semi-exposed green patina as in grey exposed 
patina. Sn percentage is high, almost the same in both semi-exposed areas, increasing in the most exposed 
area. In previous laboratory studies [Cicileo 2010, Cicileo 2009] it was observed that as the alloy remains in 
contact with an electrolyte, in which aggressive ions as sulphate are present, the formation of Sn rich films is 
favoured, at expense of copper dissolution of the bronze alloy. Other authors have reported that the light green 
most exposed patinas of monuments in urban areas are formed by a complex mixture of hidroxysulphates of 
crystalline copper and amorphous nano-crystalline Sn compounds [Chiavari 2007]. 
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Table 1. Element mean composition of green patinas: 1- El Cristo Central (back), 2-  La Ciencia (front), 3- El Trabajo (front), 4- La 
Ciencia (face) 
 
Element Patina 1 (%w) Patina 2 (%w) Patina 3 (%w) Patina 4 (%w) 
Al 0.59 1.25 1.21 1.06 
Si 0.97 2.65 4.52 1.44 
P 1.05 1.91 0.96 0.92 
S 7.00 7.14 7.12 5.12 
Pb 6.12 ----- ----- ----- 
Sn 13.77 14.47 10.90 40.12 
Fe 6.55 10.42 8.21 6.57 
Cu 63.76 62.15 66.14 44.77 
 
        The element composition of black crusts, obtained by EDX in the three sculptures, is presented in Table 
2. The presence of contaminants from particulate material, Si, Al y Fe, constituents of aluminium silicates and 
iron, as well as K and Ca traces, present in oxide form in urban atmospheres can be noted. The sample from 
El Cristo presents a higher proportion of Pb, which could be caused by environmental pollution, although it 
should be noted that, in El Cristo, this element is a constituent of the alloy. The analyses of green and black 
corrosion products on metallic micro-samples yielded similar results.  
 
Table 2. Mean EDX analyses of black crusts: 1- La Ciencia, 2- El Trabajo, 3- El Cristo Central 
 
 
Element Crust 1 (%w) Crust 2 (%w) Crust  3 (%w) 
Al 1.54 3.43 3.76 
Si 5.27 11.21 9.94 
P 0.56 1.38 1.76 
S 7.56 4.99 2.72 
Pb 2.05 ---- 8.85 
Cl ---- 3.59 2.58 
K ---- 0.47 0.58 
Sn ---- 0.68 0.82 
Fe 2.80 ---- 2.45 
Cu 5.76 5.10 5.87 
 
3.3. In situ monitoring of corrosion potential 
       In situ monitoring of corrosion potential on representative sites, at regular periods, provided information 
on the protective state of the patinas, which showed a direct relationship with their colour, texture and 
composition, depending on the degree of exposure to atmospheric agents that cover the surface. 
 
      In the first series of measurements, in all the studied monuments, it could be observed that black crusts 
potentials were high and stable within the measurement time, with values around 200 mV SCE, characterizing 
their high protection. In both monuments micro-cleaning treatments were carried out, removing black crusts 
with a bistoury. In several sectors, a green patina of compact texture and potential values between 130 and 
160 mV SCE was found after removal. This range of potential values was also recorded on patinas of semi-
exposed regions, which are compact and present greenish colouration, from olive to turquoise.   
       Potentials of greyish-green areas were the lowest and more unstable within the measurement period, 
especially in areas highly exposed to atmospheric agents and acidic contaminants. After the two years interval 
these greyish-green areas presented a notorious potential decrease. This occurred, for example, in the front of 
the La Ciencia sculpture, the most exposed area of the Alsina monument, in which the deterioration of the 
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corrosion patina and bronze are evidenced by the high percentage of Sn detected by EDX (Table 1). The 
second series of measurements, after the two years´ period, showed a decrease in potential of green areas, 
especially in areas where black crusts were removed during micro-cleaning tests, demonstrating the protection 
offered by crusts for years to underlying green patina. In other unprotected areas, by contrast, the patina was 
taking a greyish colour, losing its texture and protective capacity. Therefore, the intervention procedure used 
should take into account the protection of these patinas.  
 
      The results obtained led to analyze separately black crusts and patinas, showing a clear difference in 
composition and structure. Regardless of the particular characteristics of each work, patinas of the most 
exposed regions are distinguished by their porous texture and greyish colour. Because of the dissolution of 
oxides and other compounds by successive washings of rain, they have lost their morphology and are enriched 
in compact tin species due to the corrosion of bronze, which makes them less protective. Patinas of less 
exposed regions, by contrast, are more protective and have a more compact structure. The black crusts, 
deposits formed by the accumulation of contaminants are present in all the sculptures, green patina covering 
regions with difficult access to the rain and other atmospheric agents. While they are not desirable from the 
aesthetic point of view, their agglomerated morphology has provided protection to the underlying patina. 
 
3.4. Restoration proposals 
      Sectored treatments were proposed according to the type of exposure areas, taking into account the 
morphology and surface orientation, exposure angle with respect to the impact of atmospheric agents and 
pollutants, etc. On the protected areas, removal of black crusts was proposed to recover the underlying green 
patina. For exposed areas, it was suggested restoration by means of grey artificial patinas, enhancing the 
protection offered by the patinas developed naturally.  
 
      The monument El Cristo Central was the first sculpture completely restored, removing deposits in black 
areas to recover the underlying patina and restoring grey areas through the use of artificial patina. Patinas 
protection was completed by applying benzotriazole, one of the bronze corrosion inhibitors mostly used in 
restoring outdoor sculptures. Then the surface was covered with a copolymer of styrene and acrylate, known 
commercially as AC 80. Figure 3 presents the appearance of the left profile of the monument, before and after 
the restoration. It can be observed the variety of colours in the sculpture in contrast to the homogeneous 
appearance achieved after restoration. Finally, the intervention recovered the aesthetics of the work proposed 
by the artist, respecting the effect of time in their exposure and keeping the historical transformations, which 
provide legitimacy to these national historical monuments. 
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Fig. 3. Profile aspect of the El Cristo Central monument before and after the restoration 
 
4. Conclusions 
 The incidence of local atmospheric contaminants determines the composition of the different 
corrosion products formed on the sculptures.  
 Black crusts of the most protected areas, formed by an agglomeration of pollutants from the 
particulate material, have maintained the underlying green patinas in good state, avoiding being 
altered as in the most exposed areas, where the patinas have acquired a greyish colour losing its 
protectiveness. 
 The employed techniques allowed determining the protection state of the patinas of different colours 
and textures. This was the key to decide, at the moment of restoration, to maintain those patinas that 
were in good condition for protecting the base metal, and to restore the most damaged ones. 
 Tin enrichment of corrosion products on the most exposed areas, at the expense of copper 
dissolution, had been previously observed for bronzes in sulphate in laboratory conditions, 
concluding that the bronze corrosion process for long immersion times was the same in the 
atmosphere and in the laboratory. 
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